Physiological regulators of life history trade-offs need to be responsive to sudden changes of resource 14 availability. When homeostasis is challenged by unpredictable stressors, vertebrates respond through 15 a set of physiological reactions, which can promote organismal survival. Glucocorticoids have been 16 traditionally recognized as one of the main regulators of the physiological stress response, but the 17 role of an evolutionarily more conserved pathway, the hypothalamic-pituitary-somatotropic (HPS) 18 axis producing insulin-like growth factor-1 (IGF-1) has received much less attention. Although 1 is known to affect several life history traits, little is known about its role in the physiological stress 20 response and it has never been studied directly in adult wild animals. In this study, we combined field 21 observations with a controlled experiment to investigate how circulating levels of IGF-1 change in 22 response to stress and whether this change is due to concomitant change in glucocorticoids in a free-23 living songbird, the bearded reedling Panurus biarmicus. We showed that corticosterone levels 24 significantly increased while IGF-1 levels significantly decreased during capture and handling stress. 25
Introduction 35
Resource allocation trade-offs are central to the evolution of life-histories. Physiological 36 mediators of such trade-offs need to monitor resource availability and transmit a signal to relevant 37 parts of the organism to adjust energy expenditure in face of environmental variation. Possible 38 candidates of such key life-history regulatory mechanisms must therefore integrate information from 39 both the external and internal environment and be responsive to changes in resource availability 40 (Harshman and Zera, 2007) . One way to investigate whether a given physiological mechanism could 41 have such life-history regulatory functions is to assess whether it fulfils these requirements of 42 information processing, integration and responsiveness. A useful framework to analyse these 43 questions is when individuals are exposed to stressors. This approach is biologically and ecologically 44 relevant because in order to successfully reproduce and survive, all organisms must be able to cope 45 with unpredictable and predictable stressors. An organism can display a stress response when 46 challenged by unpredictable, noxious changes in the environment, such as the attack of a predator, an 47 4 IIS pathway), which is present in all animals and regulates resource allocation and stress resistance 69 (Broughton et al., 2005 ; Dantzer and Swanson, 2012; Harshman and Zera, 2007) . In vertebrates, the 70 IIS pathway is integrated into the Hypotalamic-Pituitary-Somatotropic (HPS) axis. As part of this 71 hormonal cascade, GH stimulates the secretion of insulin-like growth factor-1 (IGF-1), primarily 72 from the liver (Roith et al., 2001) . 73 IGF-1 is an evolutionarily highly conserved nutrient sensing hormone that has pleiotropic 74 effects influencing key life-history traits and major life-history trade-offs among growth, 75 reproduction and lifespan (Dantzer and Swanson, 2012). IGF-1 is negatively related to lifespan 76 (Holzenberger et Yakar et al., 1999) . IGF-1 therefore may mediate the trade-off between longevity and 79 reproduction because reduced IGF-1 signalling has been shown to increase lifespan and the 80 expression of genes involved in stress resistance while increased IGF-1 signalling is necessary for 81 reproduction (Dantzer and Swanson, 2012; Harshman and Zera, 2007; Holzenberger et al., 2003; 82 Lewin et al., 2016) . 83
Although the role of IGF-1 has been established in resource allocation, its role in coping with 84 stressful situations and the crosstalk between the HPA and the HPS axes remain poorly understood. 85
It has been shown that IGF-1 levels change under nutritional and handling stress. For instance, in 86 response to 5 minutes of restraint, circulating IGF-1 levels decreased by 21% within 60 minutes in 87
Yorkshire pigs Sus crofa domesticus and remained suppressed for up to 150 minutes (Farmer et al., 88 1991). A more recent study in pigs also found that restraint stress caused a drop in circulating IGF-1 89 levels and affected other components of the IIS pathway, suggesting that the IGF-system represents 90 a physiologically relevant biomarker of stress response (Wirthgen et al., 2017) . Similarly, IGF-1 91 levels significantly decreased due to short-term (15 min) and long term (24 hours) confinement stress 92 in sunshine bass a hybrid of Morone saxatilis and M. chrysops, in Atlantic salmon Salmo salar and 93 in rainbow trout Oncorhynchus mykiss (Davis and Peterson, 2006; Wilkinson et al., 2006) . 94
Whether the decrease in IGF-1 levels is a direct consequence of exposure to stressors on the 95 HPS axis or is due to the stress-induced activity of the HPA axis is controversial ( (Leili and Scanes, 1998 ) and fish (Kajimura et al., 2003; Peterson and Small, 2005) . On the 105 other hand, these effects seem to operate only at high glucocorticoid concentrations and/or at a 106 prolonged exposure. For example, although Bossis and Porter (2003) found that glucocorticoids 107 mediate the embryonic development of the HPS axis, hormone treatment for at least 8 hours was 108 necessary to detect a significant increase in GH gene expression. Similarly, while a pharmacological 109 increase in cortisol resulted in a decrease of IGF-1 levels in tilapia Oreochromis mossambicus 24-110 48h post injection (Kajimura et al., 2003) , a more moderate, short-term elevation in cortisol did not 111 affect IGF-1 levels in sunshine bass (Davis and Peterson, 2006) . 112
While some of these laboratory, aquacultural and agricultural studies suggest a relationship 113 between stress, glucocorticoids and IGF-1, our knowledge is still very limited about how stressors 114 affect IGF-1 levels in free-living organisms. Importantly, we do not know how the HPA and HPS 115 axes are linked mechanistically. Birds are particularly interesting model systems for studying the IIS, 116 because their metabolism is faster yet their lifespan is longer than similar-sized mammals, and 117 differences in how the IIS is regulated compared to the most studied mammalian models might 2009), to the best of our knowledge no study has directly tested the effects of stressors on the activity 125 of the HPS axis or investigated the mechanistic link between the HPA and HPS axes in any free-126 living organisms. Therefore, we aimed at answering whether: (1) acute stress effects plasma levels of 127 IGF-1 and whether (2) glucocorticoids directly affect circulating IGF-1 levels. First, we hypothesized 128 that acute stress will affect the activity of the HPS axis; therefore, we predicted that circulating IGF-129 1 levels will decrease in response to short-term acute stress. Second, to investigate the crosstalk 130 between the HPA and the HPS axes, we experimentally increased corticosterone levels non-131 invasively. We predicted that if the HPS axis receives direct input from glucocorticoids, then 132 increased glucocorticoid levels will down-regulate IGF-1 levels. Alternatively, if the HPS axis 133 responds to external stressors directly, then we predicted that short-term elevation of circulating 134 glucocorticoids will not affect IGF-1 levels. To answer these questions, we studied free-living 135 bearded reedlings Panurus biarmicus, a small (~14g), sexually dimorphic, resident songbird common 136 throughout wetlands of Eurasia. 137 138 6 Material and methods 139
Study animal and field study 140
We captured 17 wintering free-living bearded reedlings Panurus biarmicus (Linnaeus, 1758) 141
in Hungary at Virágoskúti-halastó (N 47.651873, E 21.358938) between September 2015 and January 142 2016. We caught the birds with continuously observed mist-nets (Gdynia, Poland -Ecotone) and 143 subjected them to a standardized capture-handling-restraint protocol (Wingfield, 1994) . The first 144 blood sample (~100 µl) was taken as soon as the bird was removed from the net [mean handling time: 145 4:58 minutes, the handling time was not related to either corticosterone levels (t = 1.276, p = 0.223) 146 or IGF-1 levels (t = -0.785 p = 0.445). The bird was then placed into an opaque cloth bag and a 147 subsequent blood sample was taken 15 minutes after the initial capture. We chose to take the second 148 blood sample after 15 minutes because we were interested in the short-term acute stress-response, 149
and we wanted to minimize the possible downstream effects of corticosterone on IGF-1 levels. 150 Tenebrio molitor. We used a randomized block design with two doses of exogenous corticosterone 172 and a control manipulation for each block. 173
The day before experimental day, we removed the food from the birds 1.5 hour before sunset 174 and the mobile dividers were inserted into the cages to keep the birds individually. The next morning 175 (between 8:00 -9:00, to avoid daily variation in hormone levels and to standardize the duration of 176 the food removal), one mealworm was given to the birds through a small hole covered by a semi-177 transparent layer at the back of the cages, so that the birds could not see the experimenter, but we 178 could observe the birds and record the time when they consumed the mealworm (mean time of 179 digestion was 39 seconds). We paid particular attention to avoid any visual or acoustic contacts with 180 the birds. 15 minutes after the bird consumed the mealworm, the bird was captured through a 181 backdoor at the cages and a single blood sample (~70µl) was taken as soon as possible. After the 182 blood sampling, the body mass (to the nearest 0.1g) of the sampled individuals was also recorded. 183
The exact time when we caught the birds in the cages and also the time when blood sampling was 184 completed was recorded. Treatments were carried out in blocks, so that 3 birds in a block got the 185 mealworms subsequently (with approximately 1 minutes staggering). Two blocks were sampled in a 186 morning. After the treatments, the birds received the usual ad libitum bird chow and fresh water and 187 were left undisturbed for the rest of the day. After we processed all birds, the experiment was repeated 188 one week later, in which each individual received a different treatment than in the first trial. The 189 treatments for the second trial were randomized within blocks and birds were randomly assigned to 190 the blocks. (1mg/ml -0.7µg/g) dose were used, but the low dose did not elevate significantly the plasma 203 corticosterone levels (Breuner et al., 1998) . Nestling Zebra-finches Taeniopygia guttata (6-15 g) 204 received a dose of 0.25mg/ml (1.19µg/g) corticosterone, which resulted in a significant increase in 205 circulating corticosterone levels (Spencer and Verhulst, 2008) . Therefore, our manipulations 206 correspond to a dose of 0.25µg/g (low) and 0.62µg/g (high). 207 208
Blood sampling 209
We took the blood samples by puncturing the brachial vein with a 26G-needle (VWR 210 catalogue number: 613-2014) and collecting blood in heparinized capillary tubes (VWR catalogue 211 number: 609100275). Samples were centrifuged at 5000 rpm (approximately 2200g) and the plasma 212 was removed with a Hamilton syringe. We divided the plasma into 2 different aliquots, one for IGF-213 1 (15μl) and one for corticosterone (15μl). We stored the samples at -20°C until assayed for 214 corticosterone by radioimmunoassay (RIA) and assayed for IGF-1 by enzyme-linked immunosorbent 215 assay (ELISA). 216 217
Hormone assays 218
Plasma IGF-1 levels were measured in duplicates by a commercial avian ELISA kit 219 (catalogue: cIGF1ELISA, lot number D00035) from IBT GmbH, Germany (Intra assay CV: 3.88%). 220 IGF-1 was extracted from plasma samples using an acidic extraction in accordance with the 221 manufacturer's instructions. The final concentrations were determined colourimetrically measuring 222 the absorbance at 450 nm using a Tecan F50 microplate reader. In this assay, we also included chicken 223
Gallus gallus plasma samples as a reference, and the obtained IGF-1 concentrations for the chicken 224 samples were at least an order of magnitude higher than what we had expected based on the literature 225 (Ballard et al., 1990) . Therefore, all concentrations were recalibrated using an international IGF-1 226 gold standard (WHO/NIBSC 02/254). IGF-1 concentrations of the recalibrated chicken reference 227 samples were similar to published results and were in agreement with an in-house ELISA developed 228 in our laboratory (Á. Z. Lendvai et al. unpublished data) . 229
Total corticosterone from plasma samples was quantified through direct radioimmunoassay 230 (Lendvai et al., 2011) . We extracted the corticosterone from plasma using diethyl-ether, and extracts 231 were reconstituted in phosphate-buffered saline. We let the samples incubate overnight at 4°C. We 232 added ∼10K cpm of 3H-Cort (Perkin Elmer Company: Catalogue number: NET399250UC, lot 233 number: B00025), antiserum (Sigma C8784-100ST, lot number: 092M4784) and phosphate-buffered 234 saline. We let the solution sit overnight at 4°C. Dextran-coated charcoal was added to separate 235 9 corticosterone bound to antibodies. After centrifugation, the radioactivity of the bound fraction was 236 counted in a liquid scintillation counter (QuantaSmart). 237 238
Statistical analyses 239
We analysed our data in R statistical environment, R version 3.3.2 (R Core Team, 2017). We 240 fitted linear mixed models with function 'lmer' from package lme4 (Bates et al., 2014) , and we used 241 stepwise backward model selection to find the best fitting model. 242
To test the effects of handling stress on IGF-1 and corticosterone, we used generalized linear 243 mixed model with individual as a random intercept. In the initial model, IGF-1 was the dependent 244 variable, handling (baseline or stress induced) and its two-way interaction with body mass and sex 245 were the explanatory variables, and the ring number was the random factor. The same initial model 246 structure was used to model corticosterone levels. We also analysed the relationship between the 247 baseline IGF-1 levels and baseline corticosterone levels with a linear model controlling for body 248 mass. Next we calculated the stress-induced change in both corticosterone and IGF-1 levels (baseline 249 values subtracted from the 15-minutes samples), and analysed whether the magnitude of change 250 between these two hormones were related with a linear model. In this analysis, the dependent variable 251 was the change in IGF-1 levels and the explanatory variable was the change in corticosterone levels, 252 while controlling for body mass and sex. 253
The experimental data was analysed using linear mixed models. Here, we considered 254 treatment as a three-level factor (high corticosterone, low corticosterone and control). In the initial 255 model, IGF-1 or corticosterone was the dependent variable, treatment and its two-way interaction 256 with sex and body mass were the explanatory variables. The treatment blocks and the weeks of the 257 experiment were also included as fixed effects. 258
Results

259
Field samples 260
The 15 minute capture-restraint stress induced a significant increase in corticosterone levels 261 (t = 2.567, p = 0.017, Fig.1a ), and mass correlated positively with baseline corticosterone levels (t = 262 3.619, p = 0.001). Sex and the two-way interaction between stress and sex or body mass did not affect 263 corticosterone levels (p's > 0.4). Handling stress caused a significant decrease in IGF-1 levels (t = -264 5.732, p = 0.002; Fig.1b ), and IGF-1 levels were higher in males (t = 3.635, p = 0.003). Body mass 265 was not related to baseline IGF-1 levels. Body mass and the two way interaction between stress and 266 sex or body mass did not affect the IGF-1 levels (p's > 0.3). 267
We did not find a significant relationship between baseline IGF-1 and baseline corticosterone 268 levels (t = 0.786, p = 0.450). The handling induced change in IGF-1 and in corticosterone (t = 0.669, 269 p = 0.520) were also unrelated, even after controlling for body mass or sex p's > 0.9). One bird showed 270 an unusual pattern in the corticosterone data, in which corticosterone decreased in response to 271 handling stress. Removing this data point did not alter any of our conclusions. 272
273
Corticosterone manipulation 274
The body mass of the captive birds did not change during the two experimental weeks, and 275 IGF-1 levels, corticosterone levels, block or sex were all unrelated to body mass (p's > 0.5). The 276 experimental week or the treatment blocks did not affect corticosterone or IGF-1 levels (p's > 0.2). 277
Both low and high dose of treatment significantly increased corticosterone levels compared 278 to the control treatment (t = 3.15, p = 0.003 in the low group and t = 7.342, p < 0.001 in the high 279 corticosterone group, Fig.2a ). Other effects, including sex, mass and the two-way interaction of 280 treatment with sex and mass did not influence corticosterone levels (p's > 0.5). Although the 281 manipulation was successful in creating differences in circulating corticosterone levels, the treatment 282 did not affect IGF-1 levels (t = 0.099, p = 0.921 in the low group and t = 0.28, p = 0.781 in the high 283 corticosterone group compared to the control group, Fig.2b ). Furthermore, sex, mass and the two-284 way interaction of treatment with sex and mass did not affect IGF-1 levels during the experiment 285 (p's > 0.1). 286 287
Discussion
288
We explored the mechanistic link between the HPA and HPS axes using a free-living 289 songbird, resulting in two key findings. First, we found that in response to a standardized stressor, 290 circulating IGF-1 levels decreased in free-living bearded reedlings within 15 minutes. To our 291 knowledge, this is the first study that reports such an effect for any free-living species. Second, we 292 found that experimentally elevated corticosterone levels did not result in a decrease in IGF-1 levels 293 during the same time frame as we found in the field. This result suggests that the somatotropic axis 294 may respond to environmental stimuli independently from the HPA axis and may be part of the 295 adaptive physiological coping mechanisms used to maintain or restore homeostasis in stressful 296
situations. 297
Increases in plasma corticosterone levels in response to stress have been previously reported 298 in many species. Our data obtained in bearded reedlings in the field is consistent with these finding, 299
showing that corticosterone levels increase in response to capture/restraint stress and suggest that the 300 11 birds perceived the procedure as stressful. Although many studies collect the stress-induced blood 301 sample at 30 minutes (Buehler et al., 2008; Remage-Healey and Romero, 2001; Wingfield et al., 302 1992) , we chose to reduce the restraint period to study the effects of short-term acute stress on IGF-303 1 levels, while minimizing the potential confounding downstream effects of corticosterone. The 304 effects of glucocorticoids are mainly genomic, which typically act over an hour, but require at least 305 15 minutes (reviewed in Haller et al., 2008) . Some short-term direct effects of corticosterone have 306 been also demonstrated, such as effects on RNA synthesis (reviewed in Haller et al., 2008) . Therefore, 307 by choosing a shorter restraint period, we aimed at decreasing the time during which the organism 308 may have been exposed to the physiological effects of elevated glucocorticoids (Buehler et al., 2008) . 309
Although the effects of stress on IGF-1 levels in free-living organisms have not been reported before, 310 this finding is consistent with previous studies in captive animals (Davis and Peterson, 2006; Farmer 311 et al., 1991; Wilkinson et al., 2006; Wirthgen et al., 2017) . However, our findings do not support the 312 conclusion of earlier avian studies (Lodjak et al., 2017 (Lodjak et al., , 2016 (Lodjak et al., , 2014 , in which handling time was 313 reported to be unrelated to IGF-1 levels, although in nestlings. Such effects may be age-specific. For 314 example, gilthead seabream Sparus aurata differed in expression of IGF-1 and IGF-1R mRNA levels 315 during ontogeny (Perrot et al., 1999) . In a study on Korean native ogol chicken, circulating IGF-1 316 levels gradually increased during the post-hatching period (Yun et al., 2005) . The stress-317 responsiveness of IGF-1 may also vary with development, and may explain why Lodjak et al (2014, 318 2016) did not find that IGF-1 was affected by handling. Furthermore, stress-responsiveness of IGF-1 319 may also be species-specific. For example, we also found that capture-restraint stress caused a 320 decrease in IGF-1 levels in another free-living songbird, the house sparrow Passer domesticus (C. I. 321
Vágási et al. unpublished data). Therefore, we suggest that further studies of IGF-1 levels should take 322 into account the potentially confounding effect of additional stressors. 323
The decrease in IGF-1 under stress is consistent with the allostatic concept of stress response 324 (McEwen and Wingfield, 2003) . Under stressful situations, the organism has to re-establish 325 homeostasis and in order to do so, it has to suppress energetically costly anabolic processes and 326 reinforce those behavioural and physiological processes that promote immediate survival (Wingfield 327 et al., 1998) . IGF-1 is a prime regulator of anabolic processes and antagonistic of the catabolic effects 328 of glucocorticoids, therefore the decrease of IGF-1 under acute stress is consistent with its role as one 329 of the physiological mechanisms responsible for maintaining homeostasis. For instance, in a previous 330 study in mice, IGF-1 levels decreased markedly in food restricted animals and the individuals started In light of these results, we expected that higher glucocorticoid stress responses would be 337 associated with the largest decrease in IGF-1 levels. However, despite the opposite direction of 338 change in the two hormones, neither baseline levels nor the magnitude of corticosterone and IGF-1 339 stress responses were related in the field study at the individual level, birds with the strongest 340 corticosterone increase were not the ones that decreased their IGF-1 levels the most, and vice versa. 341 Furthermore, we did not find any relationship between those parameters if we controlled for body 342 mass. In order to test the relationship between the two hormones more thoroughly, we carried out an 343 experiment in which we manipulated corticosterone in a non-invasive manner. 344
Our dietary hormone treatment increased the circulating levels of corticosterone, while control 345 birds did not show a marked increase in corticosterone levels over the course of the study. These 346 results suggest that similar to previous studies (Breuner et al., 1998; Lõhmus et al., 2006; Spencer 347 and Verhulst, 2008): our non-invasive hormone treatment was successful. Corticosterone 348 concentrations after digesting the mealworm were significantly higher in both the low and the high 349 dose group compared to the controls. Despite this rapid increase in corticosterone levels but in 350 absence of a physical stressor, IGF-1 levels in our treated birds remained at the level of the controls, 351 with minimal effect sizes; therefore, we can be confident that the treatment did not affect IGF-1 352 secretion. Our results are similar to those reported in the sunshine bass, in which confinement stress 353 for 15 minutes resulted in a decrease in IGF-1 levels, but the dietary hormone treatment did not affect 354 plasma IGF-1 concentrations (Davis and Peterson, 2006) . 355
These results suggest that the HPA and HPS axes are not linked downstream at the endpoint 356 of these hormonal cascades, but the crosstalk between these pathways happens at the hypothalamic-357 pituitary level. We argue that this is the reason behind the discrepancy between the conclusions of 358 studies using physiological and pharmacological doses (see above). Dexamethasone, a powerful 359 glucocorticoid agonist, which is known for having a strong negative feedback on the HPA axis has 360 also been shown to decrease plasma IGF-1 concentration in chicken (Leili and Scanes, 1998) , which 361 supports the notion that integration of the HPA and HPS axes is operating at higher regulatory levels. 362
According to a recent study performed on great tit nestlings, the relationship between 363 corticosterone and IGF-1 varies with the nutritional condition of the individuals. Lodjak et al. (2016) 364 found that pre-fledging plasma IGF-1 levels of nestlings in good condition (from broods that were 365 experimentally reduced) were positively related to feather corticosterone (an integrated measure of 366 corticosterone over several days during the development), whereas the association between IGF-1 367 and feather corticosterone levels was negative in nestlings with lower nutritional condition (from 368 enlarged broods). In control broods however, there were no association between the two hormones. 369
13
In our captive study, the birds had ad libitum food availability and they were all in good condition; 370 therefore, one possible explanation for the absence of the relationship between IGF-1 and 371 corticosterone may be that birds in good condition can afford to tolerate higher glucocorticoid 372 concentrations without decreasing IGF-1 levels. In line with this possibility, biomedical studies have 373
shown that IGF-1 diminishes the protein catabolic effects of glucocorticoids only in normally fed but 374 not in starved subjects (Botfield et al., 1997) . 375
These results raise the possibility that the interaction between IGF-1 and corticosterone may 376 
